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Electron paramagnetic resonance~EPR!, Raman scattering, and neutron- and x-ray-diffraction experiments
were performed in polycrystalline samples of La2Ni0.5Li 0.5O4 as a function of temperature. Structural studies
confirm a partial cation ordering of Ni and Li at the metal sites. As the temperature decreases, EPR measure-
ments show an increasing-value anisotropy (g'2gi) and neutron and x-ray-diffraction experiments an
increase of thec/a ratio. These results are interpreted in terms of the stabilization of the Ni31(3d7) 2A1g


































The study of the physical and structural properties of
ides of K2NiF4-type structure has been a subject of gr
interest in the last decade due to the discovery of higT
superconductivity in the La1.85Sr0.15CuO41d cuprate.
1 In the
stoichiometric La2NiO4 the Ni ions form a spin-1 sublattic
rather than a spin-1/2 sublattice as in the cuprates.
La2NiO41d compound can be synthesized in a broad ra
of nonstoichiometric oxygen content (0&d&0.25), with
structural, electric, and magnetic properties highly depend
on d.2–7 The presence of extra oxygen ions yields top-type
doped NiO2 layers alternating with rocksalt-type La2O21d
layers of variable oxygen content.7 Moreover, in the attemp
to observe high-T superconductivity in the nickelates, Sr an
Li hole-doped La22xSrxNiO41d and La2Ni12xLi xO4 com-
pounds were synthesized.8 However, these materials do no
superconduct for any value ofx andd. In the La2Ni0.5Li 0.5O4
compound the Li ions form an ordered superlattice wh
individual NiO4 plaquettes are isolated from each other, a
the number of doped holes is sufficient for each plaquett
be occupied by one hole. It has been suggested that the
doping in this material stabilizes the Ni31 (3d7) 2A1g low-
spin configuration via a Jahn-Teller distortion of the NiO6
octahedra.8–10 In this work we present low-T electron para-
magnetic resonance~EPR!, neutron and x-ray diffraction
magnetization, and Raman experiments in the Li hole-do










that theg values andc/a ratio areT dependent. We will show
that the data can be interpreted in terms of a further sta
zation of the Ni31 2A1g low-spin configuration in
La2Ni0.5Li 0.5O4 at low T.
II. EXPERIMENTAL DETAILS
The polycrystalline samples studied in this work we
synthesized using a standard ceramic preparation met
The corresponding stoichiometric amounts of La2O3, NiO,
and Li2CO3 were mixed and fired at 900 °C over a multida
period with several intermediate regrindings. The rather l
sintering temperature was dictated by the volatility of Li2O,
however, no appreciable Li losses were observed in
specimens. Neutron and x-ray powder diffraction revea
that there were 2–3% of extrinsic phases in the samples.
sample used in the neutron experiment was obtained fro
different batch than the one used in the other measureme
This sample was prepared using isotopically pure7Li2CO3.
The neutron powder-diffraction experiments were carr
ut on the high-resolution time-of-flight diffractomete
HRPD at the ISIS spallation neutron source of the Ruth
ford Appleton Laboratory, UK. Data were recorded in t
backscattering geometry (2Qave5168°) over a time frame
of 100 ms corresponding to ad-spacing window between 0.6
and 2.6 Å, spanned with an almost constant instrume
resolutionDd/d of about 531024. Data were collected a


























































9594 PRB 62R. R. URBANOet al.analysis of the diffraction patterns was performed usin
Rietveld-method11 refinement program.12 Structural param-
eters, isotropic temperature factors~ITF!, site occupation
factors ~SOF!, and cell parameters were determined fro
single and automatic sequential refinements~typical x2
50.04). The scattering lengths used in the refinem
were bLa58.24 fm, bNi510.3 fm, bLi522.22 fm, andbO
55.805 fm. The x-ray powder-diffraction pattern
were taken with a high-resolution Rigaku Goniome
~Bragg-Brentano geometry! using Cu Ka radiation. The
T-dependent measurements were performed between 15
300 K on cooling using a cryostat Cryomini Coldhead an
Rigaku PTC-20AT controller with a precision of;0.2 K.
The data were analyzed by means of the Rietveld met
using the DBWS9807 program.13 The observed Bragg peak
were indexed in theAmmmspace group~no. 65! for both
neutrons and x-ray experiments. Nevertheless, the struc
is metrically tetragonal, and thea and b lattice parameters
were constrained as equal in all the refinements. Since
samples used in the neutron and x-ray experiments w
from different batches and our interest was just to meas
theT dependence ofc/a, we did not compare the calibratio
between the x-ray and neutron instruments.
The EPR experiments were carried out in BrukerS, X, and
Q-band spectrometers, using a helium gas flux~4–300 K! T
controller. For these low-frequency measurements the m
netic field was calibrated with an NMR Gaussmeter. T
high-frequency, 100–200 GHz,W-band EPR experiment
were carried out in the National High Magnetic Field Lab
ratory at Tallahassee. The superconducting magnet at NH
was calibrated with a DPPH marker sample. In all cases
magnetic-field homogeneity was better than 0.03 G/cm3. The
susceptibility measurements were made in a Quantum
sign dc superconducting quantum interference dev
~SQUID! magnetometer.
For the Raman scattering experiments, a JY T-640
spectrometer equipped with a charge-coupled device~CCD!
detector and a cold finger closed cycle He refrigerator w
used. The sample was excited with the 5208-Å line o
Krypton laser focused in a diameter of;50mm. The inci-
dent power was kept below 10 mW.
III. EXPERIMENTAL RESULTS
Figure 1~a! presents the La2Ni0.5Li 0.5O4 superstructure
generated by the ordered occupation of Ni and Li atoms
two different sites, thus inducing the larger tetragonal u
cell (a85aA2,c85c).10 Figure 1~b! shows the observed
calculated neutron-diffraction patterns at 300 K, and th
difference as an example. Neutron and x-ray profiles indic
only a partial Ni and Li ordering over the two metal sites (2d
and 2b of the Ammmspace group!. The neutron diffraction
is particularly sensitive to the ordering, due to the large d
ference between the scattering lengths of Ni and Li, bes
being opposite in sign. The results obtained at 2 and 30
are shown in Table I, and confirm previous x-ray structu
determinations.10 Our x-ray powder profiles also show th
presence of superlattice peaks associated to cation orde
According to both experiments, the Li~Ni! occupancies in the





























The T dependence of thec/a ratio, obtained from the re-
finement of neutron-diffraction patterns, is shown in Fig.
A small, but significant, increment of this ratio upon coolin
is clearly observed. For comparison, the inset of Fig. 2 sho
the T dependence ofc/a obtained according to a Rietvel
refinement of the x-ray patterns for the sample used in
EPR experiment. Although the neutron and x-ray expe
ments were done in samples coming from different batch
both techniques measured approximately the same chan
c/a (;0.025%) between high and lowT.
Raman scattering is a useful tool for probing symme
reduction, due to the associated increase of the Ram
allowed modes. The K2NiF4-type tetragonal structure allow
for four Raman active modes (3A1g1B1g),
6 while the
Ammmcation-ordered structure presents 36 Raman mo
(12Ag110B1g112B2g12B3g).
14 The unpolarized Raman
spectrum of La2Ni0.5Li 0.5O4 at T510 K is shown in Fig. 3.
Within our experimental resolution, 14 modes were o
served, at 103, 130, 164, 188, 233, 246, 272, 331, 348, 3
424, 530, 694, and 752 cm21. These are more than the num
ber of allowed modes for the tetragonal K2NiF4-type struc-
FIG. 1. ~a! Unit cell of the superstructure induced by catio
ordering in La2Ni0.5Li 0.5O4 ~space groupAmmm, no. 65!. Lighter
and darker shaded octaedra are occupied by Ni and Li, respecti
La atoms are represented by spheres; oxygen atoms are not sh
~b! observed~full line!, calculated~symbols!, and difference~bot-
tom! neutron-diffraction patterns for La2Ni0.5Li 0.5O4 at 300 K. The
sample used contained small amounts of La2O3 and NiO phases,
which have been included in a multiphase Rietveld refineme
Traces of an unidentified, ill-crystallized phase are also presen
revealed by the broader peaks not reproduced by the calcu
profile.
PRB 62 9595STRUCTURAL EFFECTS IN THE EPR SPECTRA OF . . .TABLE I. Structural parameters for La2Ni0.5Li 0.5O4, refined from neutron powder profiles. Weighted profileR factorsR50.048, x
2
54.0. Lattice parameters are given in angstroms.
T52 K T5300 K
a55.29920(1) b55.29920(1) c512.85946(3) a55.31215(1) b55.31215(1) c512.88783(3)
At x y z ITF SOF At x y z ITF SOF
La1 0 0 0.1372~4! 0.20~3! La1 0 0 0.1369~3! 0.29~2!
La2 0.5 0 0.3642~4! 0.20~3! La2 0.5 0 0.3638~3! 0.29~2!
Ni1 0 0 0.5 0.30~4! 0.29~1! Ni1 0 0 0.5 0.41~9! 0.29~1!
Li1 0 0 0.5 0.30~4! 0.71~1! Li1 0 0 0.5 0.41~9! 0.70~1!
Ni2 0.5 0 0 0.30~4! 0.71~1! Ni2 0.5 0 0 0.41~9! 0.71~1!
Li2 0.5 0 0 0.30~4! 0.29~1! Li2 0.5 0 0 0.41~9! 0.28~1!
O1 0.261~1! 0.253~1! 0 0.25~3! O1 0.258~1! 0.251~1! 0 0.64~3!
O2 0 0 0.3212~5! 0.25~3! O2 0 0 0.3214~5! 0.64~3!


























yeture, but less than the expected number of modes assu
the cation ordered structure proposed in Ref. 10. Notice
all the Raman modes for La2Ni0.5Li 0.5O4 are narrow~full
width at half maximum&15 cm21 at T'10 K), which is a
typical feature of good quality samples. TheT dependence o
the frequency and linewidth~not shown! of the two most
intense modes, 424 and 694 cm21, were studied between 1
and 300 K. Both peaks show the normal anharmonic bro
ening of the linewidth. The frequency of the 424-cm21 mode
was found to be nearlyT independent and the 694-cm21
peak shows the normal Gru¨neisen softening due to lattic
expansion.
Figure 4~a! presents theW-band EPR spectra measured
various temperatures for a polycrystalline La2Ni0.5Li 0.5O4
sample. These spectra correspond to the powder spectra
spin S51/2 system in an axial symmetry withgi
52.015(1) andg'52.253(1) atT'271 K, which has been
already attributed to the2A1g low-spin configuration of Ni
31
(3d7) ions in the Jahn-Teller distorted NiO6 octahedra.
8–10
Figure 4~b! shows at room temperature, for the same sam
of Fig. 4~a!, the increasing resolution of the EPR spectra
the microwave frequency increases (S, X, Q, andW bands!.
FIG. 2. T dependence of thec/a lattice parameters ratio fo
La2Ni0.5Li 0.5O4 measured by and prepared for neutron-diffracti
experiments. The inset shows thec/a ratio measured by and pre







Figures 5~a! and ~b! show for La2Ni0.5Li 0.5O4, the T depen-
dence of theg values,gi andg' , measured at the two high
est frequencies,W and Q bands, respectively. Theg values
were obtained from the fitting of the EPR resonances to
simulated powder spectra. It is evident from these data t
in spite of the broadening and distortion of the lines at lowT
@see Fig. 4~a! and discussion below#, theg-value anisotropy,
g'2gi , increases at lowT.
Figure 6 shows theT dependence of the EPR linewidt
for the various microwave bands used. In the high-T region,
T*80 K, it is observed a small frequency broadenin
(;0.2 G/GHz) of the linewidth@see also Fig. 4~b!#. So, the
inhomogeneous broadening is very small and the EPR r
nances may be considered homogeneous. This suggest
dipolar interactions and/or structural disorder~distribution of
g values! are not relevant for the EPR at highT. However,
for T&80 K an increasing linewidth is observed, which
larger at higher frequencies. These results indicate that m
netic correlations may play a role at lowT. Nevertheless, in
the inset of Fig. 6 we show that for theX band, where the
low-T line broadening is the smallest, the EPR intensity f
lows closely the measuredT dependence of the magnet
susceptibility. Also, EPR intensity calibration at room tem
perature reveals that all Ni31 ions (S51/2) are in resonance
We should also mention that ourx21(T) andme f f data are
similar to those already published10 and confirm that
FIG. 3. Unpolarized Raman spectrum, atT510 K, for



























9596 PRB 62R. R. URBANOet al.La2Ni0.5Li 0.5O4 is a paramagnetic system of spinsS51/2
(g'2, and me f f'1.73mB), in agreement with the abov
EPR results where the Ni31 (3d7) ions are found in the2A1g
low-spin configuration state. Since thegav5(gi12g')/3 is
T independent~see Fig. 5!, we believe that the reduction i
me f f below 50 K ~see inset in Fig. 6! is probably associated
to antiferromagnetic~AFM! correlations between the Ni31
ions due to the Ni~Li ! occupancy disorder (;30%) found in
these samples.
The distortion and broadening of the EPR resonan
@Figs 4~a! and 6#, and the decrease ofme f f ~inset of Fig. 6!
observed at lowT indicates that short-range magnetic cor
lations may be present in our samples. The Ni~Li ! occupancy
disorder, observed in our neutron-diffraction experimen
may favor AFM correlation between the Ni31 ions. How-
FIG. 4. ~a! W band EPR spectra at various temperatures fo
polycrystalline La2Ni0.5Li 0.5O4 sample; ~b! EPR spectra atT
'300 K for four microwave frequencies,S X, Q, andW bands.
FIG. 5. T dependence of theg values,gi ~closed circles!, g'
~closed squares!, andgav ~open triangles! measured atW band~a!
andQ band~b! for La2Ni0.5Li 0.5O4.s
-
,
ever, despite this low-T magnetic interaction, theg-value
anisotropy is clearly observed in our EPR experiments@see
Figs. 4~a! and 5#.
IV. ANALYSIS AND DISCUSSION
Disorder of Li and Ni atoms on the 2b and 2d positions
of the Ammmspace group was allowed in the Rietveld r
finement of our neutron-diffraction data. Equal isotrop
temperature factors have been used to avoid correlation
the Li/Ni site occupation factors~SOF!. The results obtained
show partial ordering of Ni and Li over the two metal site
with Ni atoms being preferentially located on the 2b posi-
tions ~SOF '0.7, see Table I!. Warda et al. proposed a
‘‘twin’’ model to justify the apparent absence of a comple
ordered distribution of the cations on the octahedral sites
the La2Ni0.5Li 0.5O4 crystal structure.
10 According to this
model, domains of an ordered structure are present in
orientations, the twin plane being (110). Our powd
neutron-diffraction results are consistent with a partially
dered structure. But, the presence of small amounts of
ondary phases in the sample used prevented a careful a
sis of the diffuse scattering contribution to the diffractio
patterns, so that we are not able neither to confirm no
dismiss the model described in Ref. 10. However, the sh
peaks of the Raman spectra~see Fig. 3! indicate that, at leas
in part of our sample, there is long-range ordering.
The EPR data of Figs. 4 and 5 and the magnetizat
measurements~inset in Fig. 6! show that in La2Ni0.5Li 0.5O4
the nickel ions are in the Ni31 (3d7) oxidation state with the
2A1g low-spin configuration,S51/2 as a ground state.
9,10,15
At room temperature thec/a ratio for La2Ni0.5Li 0.5O4
(.2.43, see Fig. 2! is larger than that in La2NiO41d
(.2.32).7 This is due to a considerable tetragonal elongat
of the NiO6 octahedra induced by the Li
1 doping and hole
localization at this site. This would favor the Ni31 (3d7)
a
FIG. 6. T dependence of the EPR linewidth for La2Ni0.5Li 0.5O4 .
DH1/2 is the linewidth taking from the low-field peak of the spectr
The inset compares theT dependence of the magnetic susceptibil
and the EPR intensity measured atX band. Also, the inset shows th
T dependence of the effective magnetic momentme f f .
PRB 62 9597STRUCTURAL EFFECTS IN THE EPR SPECTRA OF . . .FIG. 7. Calculated dependence ofgi and g' as a function ofd2,4/z and d2. The inset shows the energy levels forT55 K and T






















tentoxidation state with the2A1g low-spin configuration as a




2A1g54d1 can be anticipated for this system.
15
Now, the increasingc/a values at lowT ~see Fig. 2! indicates
that the NiO6 octahedra become more elongated, stabiliz
even more the Ni31 2A1g low-spin configuration. We will
show that this is consistent with theT dependence of theg
values measured in our EPR experiments~see Figs. 4 and 5!.
In the following we will describe a calculation that will b
consistent with theT dependence of theg value shown in
Fig. 5.16 A tetragonal distortion, of Jahn-Teller origin o
caused by the presence of Li1 in the neighboring sites, split
the cubic levels2Eg into
2A1g and
2B1g ~separated by 4d1)
and 4T1g into
4A2g and
4Eg ~separated by 3d2). The neutron
and x-ray results for thec/a measurements indicate that the
is an elongation of the oxygen octahedra in thez direction
~see Fig. 2!. This, and the EPR results, suggests2A1g as a
ground-state with the excited states4A2g ,
4Eg , and
2B1g at
d2,4, d2,413d2, and 4d1, respectively.
15 We diagonalize the
spin-orbit interaction,HSO5( iz(r i) lW i•sW i , within that mani-
fold. The 2B1g state is not included in the calculation b
cause 4d1@3d2.
15 The values ofgi and g' for the ground
state are obtained from this diagonalization. Bothg values
are a function ofd2,4 and d2. That dependence is shown
Fig. 7 for 0.0<d2,4/z<4.0 ~using z5500 cm
21) for nine
different values ofd2 (800<d2<2400 cm
21). Analyzing the
various simulations in Fig. 7 we notice that a change
d2,4/z(,5%) around the value that yields to the observeg
values (d2,4/z.2.4), introduce changes ingi within the ex-
perimental error, thus,gi is primarily determined byd2. We
use this fact to find thed2 values at 5 and 271 K that be
adjust the measuredgi values. These values are:d2(5 K)
52360 cm21 andd2(271 K)51020 cm
21. Now, using these
values ford2 we find the ratiosd2,4/z, at low and highT,
that give the best agreement with the observed valuesg
f
or
g' . These values are:d2,4(5 K)/z52.41 andd2,4(271 K)/z
52.33. Theg values obtained theoretically by this procedu
are: gi(271 K)52.0153; gi(5 K)52.0055 andg'(271 K)
52.2529; g'(5 K)52.2608. These values are i
very good agreement with the measured values inW band:
gi(271 K)52.015(1); gi(5 K)52.006(2), and g'(271 K)
52.253(1); g'(5 K)52.261(2). To thebest of our knowl-
edge there is no available simple microscopic theory c
necting a change inc/a ~T! with a change in the tetragona
crystal-field parameters that can be used to fit theT depen-
dence of theg values withc/a (T). We should mention tha
the energy levels for Ni31 in an octahedral field subjected t
a tetragonal elongation were calculated previously17 and it is
consistent with our results, i.e., it was found thatd2,4 should
be almost independent of the elongation, while 3d2 should
increase substantially, andd2,4!3d2. From the values ob-
tained ford2,4 andd2 ~at T55 K andT5271 K) and taking
the cubic splitting between4T1g and
2Eg the value
10 of
1.353103 cm21, we obtained the level schemes given in t
inset of Fig. 7.
From the above calculatedg values, we found that the
largerg-value anisotropy,g'2gi , measured at lowT leads
to a larger crystal-field levels separation~see inset in Fig. 7!.
Therefore we conclude that the increase ofc/a, measured at
low T in this work for a polycrystalline sample o
La2Ni0.5Li 0.5O4, can be interpreted in terms of the stabiliz
tion of the 2A1g low-spin configuration in the NiO6 Jahn-
Teller distorted octahedra.
V. CONCLUSIONS
In summary, structural and magnetic properties
La2Ni0.5Li 0.5O4 were investigated. The observed intensity










9598 PRB 62R. R. URBANOet al.with a partial ordering of the Ni and Li cations and/or
‘‘twin’’ domain structure. However, our Raman-scatterin
experiments support a long-range ordering, at least in pa
our sample. EPR experiments showed ag-value anisotropy
that increases at lowT. That was interpreted in terms of
further stabilization of the Ni31 2A1g low-spin configura-
tion. This was supported by the increase of thec/a lattice
parameters ratio measured at lowT and theg-values calcu-












La2Ni0.5Li 0.5O4 is a paramagnetic system of spinsS51/2
(g'2, andme f f'1.73mB), in agreement with the EPR re
sults reported in this work.
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